Design considerations for micromechanical sensors using encapsulated built-in resonant strain gauges by Tilmans, Harrie A.C. et al.
Sensors and Actuators A, 25-27 (1991) 79-86 79 
Design Considerations forMicromechanical Sensors using 
Encapsulated Built-in Resonant Strain Gauges 
HARRIE A C TILMANS, SIEBE BOUWSTRA and JAN H J FLUITMAN 
MESA, Instltuie for Micro Electronics, Matenais Engmeenng, Sensors & Actuators, lhnversity of Twente, P 0 Box 217, 7500 AE 
Enschede (The Netherlands) 
SCOTI’ L SPENCE 
Johnson Controls Inc , Milwaukee, WI (V S A ) 
Abstract 
This paper describes the vanous design 
aspects for rmcromechatucal sensors consut- 
mg of a structure with encapsulated budt-m 
resonant strain gauges Analytical models are 
used to investigate the effect of device 
parameters on the behavlour of a pressure 
sensor and a force sensor The analyses mdl- 
cate that the sealing cap can have a strong 
degrading effect on the device performance d 
the thicknesses of the cap and of the support- 
mg structure are of the same order of magm- 
tude A novel design, employmg bossed 
structures, 1s described, wluch reduces the 
design complexity and virtually ehmmates the 
influence of the cap on the sensltlvlty of the 
sensor 
Introduction 
In a mechanical sensor usmg resonant 
strain gauges, an external load such as pres- 
sure, force or acceleration 1sconverted mto a 
shift of the resonance frequency of the gauge 
Resonant strain gauges are used as the stram- 
sensmg elements of the sensor m a similar 
way as plezoreslstlve strain gauges are used m 
more conventional devices Resonant sensors 
provide a frequency-shift output and are be- 
commg mcreasmgly attractive mthe precision 
measurement field [l] They can offer excel- 
lent stability, resolution and accuracy Fur- 
ther, a frequency output provides easy 
interfacing with dlgtal systems, and nnmu- 
mty to fluctuations of the Intensity of the 
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signal To be effectively employed as a mea- 
surement device, the structure should only 
respond to changes m the load to be mea- 
sured Interaction of a load with the res- 
onator can be done through a perturbation of
Its kinetic or potential energy [2] For the 
class of sensors considered m ths paper, a 
shift m the resonance frequency of the strain 
gauge 1s caused by potential energy perturba- 
tions T~u puts strong demands on the de- 
sign of the structure to ehmmate kmetlc 
energy perturbations such as density changes 
of the surrounding medium 
One of the first resonant strain gauge type 
pressure transducers was described by Be- 
lyaev et al m 1965 [3] In then design, the 
strain gauge 1s mounted on top of a dl- 
aphragm by means of two brackets Smular 
designs were reported by Greenwood m 1984 
[ 41 and by Thornton et al m 1988 [ 51 Slhcon 
bulk mlcromachlmng was used to fabmcate 
these devices A novel design of a &con 
pressure sensor was reported by Ikeda et al 
m 1988 [6] Here, the resonators are held m 
evacuated mlcrocavltles on the surface of the 
diaphragm to isolate them from the sur- 
roundings Single-crystal slhcon 1s used as the 
constructlon matenal and selective pltaxlal 
growth techniques combined with high boron 
etch stops are used to fabrrcate he device An 
alternative way of fabncatmg sealed res- 
onators was reported by Guckel et al m 1989 
[7] They use sacnficlal ayer etching and 
reactive sealing techniques with LPCVD fine- 
gramed polyslhcon as a construction mate- 
nal Both technologies are very attractive for 
batch fabrication of the devices 
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This paper deals with design conslder- 
atlons of mechanical sensors using built-m 
encapsulated resonant strain gauges The 
charactenstlc behavlour of the stram gauges 
itself 1s discussed Moreover, the mfluence of 
the sealing cap on the mechanical behavlour 
of the device 1s modelled for several example 
structures including a novel design employmg 
a bossed structure Material aspects, fabnca- 
tlon technologies and means of excitation and 
detection of the vlbratlon are not a subject of 
this paper 
Resonant Strain Gauges 
A resonant strain gauge consists of a me- 
chamcal resonator mounted on a supportmg 
structure, eg , a diaphragm, at the (two) ends 
of the gauge Axial elongation 1s mduced m 
the gauge by a deformation of the supportmg 
structure, resultmg m a shift of the resonance 
frequency of the gauge The gauge or the 
resonator can be a doubly supported beam, a 
double-ended tuning fork, a tnple-beam 
structure or an H-shaped resonator, all oper- 
atmg m a bendmg mode vibration [l-7] A 
resonant stram gauge can be characterized by 
its gauge factor G and its mechanical quality 
factor Q 
The gauge factor 1s a measure of the sense- 
tlvlty of the gauge, defined by 
Gr !df 
[ 1 f d& e=eO (1) 
where f IS the resonance frequency, E the 
strain and co the residual strain, I e , the stram 
level at the operating point 
To gain insight mto the frequency depen- 
dence of a strwn gauge on design parameters, 
a pnsmatlc (wide) beam with a rectangular 
cross section, ngdly clamped at both ends, 1s 
taken as an example The reasonance fre- 
quency f of the beam with apphed strain E 
can be expressed as [8] 
f = 1 o~8[p(lEV3]“2[;] 
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(2) 
where E, p and v are Young’s modulus, spe- 
cific mass and Poisson’s ratio of the beam 
material, and h and I are the thickness and 
length of the beam, respectively Equation (2) 
IS an approxlmatlon denved from Rayleigh’s 
quotient, substituting the first mode shape for 
zero apphed axial load as the approximate 
beam deflection shape An expresslon for the 
gauge factor G can now easily be found 
For highly sensltlve devices, a high gauge 
factor 1s desirable It 1s obvious from eqn (3) 
that this 1s accomplished for a high aspect 
ratio (l/h) and/or low residual strain levels s,, 
of the gauge This 1s also illustrated m Fig 1 
Equation (2) gves the frequency of the 
gauge m a vacuum If the gauge IS immersed 
m a gas or liquid, its resonance frequency will 
be lower due to an mcrease of the effective 
mass [9] Further, as a result of the increased 
dampmg, the Q factor will be reduced Espe- 
cially if the flexurally vibrating resonator 1s 
close to another stationary surface, e g , if 
sacnficlal ayer etching techmques are used 
for fabncatlon, high energy losses caused by 
squeeze-film damping result [ 10, 1 l] For a 
good sensor performance, a high Q 1s desired, 
which means a good frequency resolution, an 
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Rg 1 Gauge factor vs residual stram of a clamped- 
clamped beam for three values of the length/thakness 
ratio and v = 0 3 
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excellent rejection of external mechanical 
noise and a mmmuzed ependence of the 
sensor performance on the charactenstlcs of 
the electronic u-cmtry used to sustain the 
osclllatlon Hence, the resonator needs to be 
housed m a hermetically sealed evacuated 
cavity to eliminate the disturbing influences 
of the surrounding medium on the gauge 
behavlour and to a&eve an optimum sensor 
performance 
The amplitude of the vlbratlon at reso- 
nance 1s another elevant issue On the one 
hand, the amplitude needs to be large enough 
for the vibration to be detected On the other 
hand, an increase of the amplitude results m 
a shift towards higher esonance frequencies 
due to the ‘hard spring effect’ [12, 131 The 
amplitude 1s generally determined by the 
dnvmg power, the mode shape, the efficiency 
of excltatlon/detectlon and the Q factor A 
stable amplitude requires aconstant Q factor 
and an AGC amplifier to sustain the osalla- 
tlon for a given mode shape and exatatlon/ 
detectlon scheme 
Placement of the Resonant Strain Gauges 
The resonant strain gauges are subject o 
axial elongations if the supportmg structure 
deforms under an applied load In general, 
the induced axial strain E can be expressed as 
where &N 1s a normal strain due to m-plane 
loads acting on the supporting structure, z 1s 
the distance between the mid-plane of the 
gauge and the neutral plane (as defined for 
the case of pure bending) of the supportmg 
structure, 11s the gauge length and #J~ and & 
are the angles of rotation at the end points of 
the gauge The gauge length 1s generally a
given parameter determmed by the desired 
gauge factor (see eqn (3)) and the base fre- 
quency (see eqn (2)) The second strain term, 
I e , the bending strain, m eqn (4) arises as a 
result of bending moments acting on the sup- 
porting structure The m-plane loads, respon- 
sable for the normal strains, are caused by 
non-hear, I e , large deflection, deformations 
of the supportmg structure, or by the seahng 
cap m the case of nnproper design of the 
structure (see below) In general, it 1s the 
objective to maxumze the bending strains 
(and at the same time mmumze the normal 
strains) High bendmg strains can be ob- 
tamed by mounting the gauge on pillars to 
increase z, e g , see Thornton et al [ 51 Fur- 
ther, the difference m the angles of rotation 
of the end points can be optmuzed by proper 
placement of the gauge For instance, the 
gauges hould not extend over an mflectlon 
point, i e , a point of maximum (or mmi- 
mum) angle of rotation, since this results m a 
reduction of mduced bending strain due to 
strain-averagmg effects In the worst situation 
the angles of rotation will cancel and the 
resulting bending strain ~11 be zero For a 
circular diaphragm, clamped at the edge and 
subjected toa transverse load, the edge of the 
diaphragm 1s the optimum place for the 
gauges ince here the curvature 1s maximum 
and thus the angle of rotation changes 
strongly with distance This also applies for 
diaphragms with m-plane residual tensile 
strain 
Encapsulation 
Vacuum encapsulation of the resonant 
strain gauges can be done m several ways In 
the case of a diaphragm-type s nsor, the side 
of the diaphragm with the strain gauges can 
be sealed entirely, e g , see Greenwood [4] 
However, this approach llrmts the apphca- 
tlons of the structure,  g , a differential pres- 
sure measurement would require two separate 
sensors Further, m the case of beam-like 
structures uch as a cantilever beam force 
sensor or accelerometer, complete seahng is 
impossible Local sealing of the resonant 
strain gauge 1s a more versatile approach 
[6, 141 In this case, the cavity 1s formed by 
the supportmg diaphragm or beam on the 
bottom side and a sealing cap on the top side, 
see Fig 2 The gauge 1s embedded m the 
Fig 2 Example of a mechanical sensor conststmg of a 
diaphragm with an encapsulated built-m resonant stram 
gauge or resonator 
supporting structure Unhke the structure of 
Greenwood, the cap now forms an integral 
part of the mechanical structure and always 
lowers the sensrtlvlty of the sensor This will 
be dlscussed m more detail m the following 
Sections It 1s obvious that the influence of the 
cap on the sensor behavlour can be ignored d 
Its stiffness IS much smaller than the stiffness 
of the supportmg structure Increasmg the 
stiffness of the supportmg diaphragm or 
beam, however, results m a loss of sensltlvlty 
of the sensor Also, the stiffness of the cap 1s 
bounded by a lower limit, smce it has to 
withstand the ambient pressure, eg , one at- 
mosphere For instance, m the case of a cap 
with dlmenslons L, x w, x h, and with 
L, > 3w,, regarded as a plate clamped at all 
four sides, under the condltlon that the centre 
deflectlon should not exceed one tenth of the 
thickness h,, the upper hmlt of the aspect ratlo 
wc/hc of the cap 1s approximately 40 when 
subjected to an amblent pressure of one atmo- 
sphere This means that for a cap width 
W, = 40 pm, a mmlmum thickness h, of 1 pm 
1s required This sets the mmlmum gap dls- 
tance h, to 0 1 ,um to avoid collapse A prac- 
tlcal choice for h, would be m the range 
0 5- 1 0 pm Note that caps wider than 40 ,um 
would require a thickness larger than 1 pm 
Bossed Structure 
A number of geometnes of bossed struc- 
tures have been used m plezoreslstlve and 
Rg 3 Cross-sectional view of a bossed design The 
seahng cap IS supported by the boss on one end and by 
the frame or substrate of the sensor chip on the other 
end The resonant stram gauges underneath the cap are 
not shown 
capacitive (low) pressure sensor designs to 
a&eve improved performance m terms of 
(full-scale) sensitivity, hneanty and degree 
of symmetry for ‘front and back loading’ 
[ 15- 171 Since all these improvements are 
based on mechanical connderatlons, It 1s ex- 
pected that they also apply for mechanical 
sensors employing resonant strain gauges In 
addltlon to these advantages, the boss offers 
several new features If it 1s used to co-sup- 
port the sealing cap as indicated m Fig 3, the 
influence of the cap on the mechanical be- 
havlour of the structure can be transformed 
from a (large) local Influence to a (small) 
global influence The cap 1s now merely a 
flexural structural element, parallel to the 
supportmg element For mstance, the mflu- 
ence of the cap on the posltlons of the mflec- 
tlon points and of the neutral plane, I e , the 
plane of zero total strain, is completely ehml- 
nated, irrespective of the shape of the cap As 
an additional advantage, it slmphfies the me- 
chamcal analysis and the design of the struc- 
ture and makes predlctlons of the sensor 
charactenstlcs more rehable More details are 
given m the next Section Finally, the bossed 
structure 1s also very well suited to implement 
a dlfferentlal resonator design [ 181 In this 
design, the sensltlvlty to the apphed mecham- 
cal load 1s doubled, thereby largely gaming 
back the loss m sensltlvlty due to the stlffen- 
mg effect of the boss 
Modelling Examples and Discussion 
The pnmary goal of the modelhng exam- 
ples 1s to study the mfluence of the cap 
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parameters on the device performance To 
simplify the analysis, one-dlmenaonal mod- 
els, 1 e , beam structures, are mvestlgated 
The results are directly applicable to circular 
or square structures The average strain m- 
duced m the upper fibres of the beam, under- 
neath the cap, IS computed as a function of 
the design parameters In the analysis, the 
influence of the gap underneath the stram 
gauges on the stiffness of the supporting 
beam 1s not taken mto account Further, the 
computations are based on a linear model 
and the effect of pre-strain IS not included 
The results are derived from an analytical 
model and were confirmed by a two-dlmen- 
sional numerical plane stress analysis using 
the COSMOS M finite-element analysis pro- 
gram from Structural Research and Analysis 
Corporation (SRAC) The numerical analysis 
indicated no slgmficant effect of the local 
stress concentrations at the clamped edges 
and the cap ends on the mechamcal be- 
havlour of the structures 
The one-dimensional equivalent of the 
structure shown m Fig 2, loaded by a pres- 
sure Ap, 1s taken as the first example The 
pressure-Induced strain m the resonator 1s 
shown m Fig 4 as a function of the thickness 
of the supporting beam for various sets of the 
other device parameters Figure 5 shows free 
body diagrams, mdlcatmg the forces and mo- 
ments actmg on the structure The strain for 
a uniform thickness beam without a cap 
(curve V) IS compared to the strain of the 
same beam with a cap (curves I, II, III and 
IV) A significant loss of sensltlvlty occurs for 
cap thicknesses (h,) close to the thickness of 
the supportmg beam (h,,) The degradmg m- 
fluence of the cap can be reduced by choos- 
mg ( 1) a thmner cap, (2) a smaller Young’s 
modulus EC for the cap material, (3) a smaller 
gap height h,, or (4) a thicker beam Option 
(4) is less attractive since It ~111 result in an 
overall loss of sensitivity A lower hmlt for 
the gap height, option (3), 1s set by the 
mmlmum distance required to avoid collapse 
of the cavity Options (1) and (2) are limited 
by the mmlmum stiffness of the cap required 
to withstand the amblent pressure Also, 
IIh,=l~m hO=lpm&=b 
III h, = 1 vm hp = 5 urn E,=Eb 
IV h,=2 ,,m h, = 1 pm E,=fEb 
V IV 
V 
0 5 10 15 20 
THICKNESS SUPPORTING BEAM hb pm 
Fig 4 PredIcted pressure-mduced stram of a centre- 
capped beam as a function of the ttwkness of the 
supportmg beam for various sets of the other parame- 
ters cap length LC = 120 pm, total beam length 
2L = 1200 pm, gauge length I = 100 pm, Young’s mo- 
dulus of the beam matenal I?,., = 175 GPa 
Young’s modulus IS generally determined by 
the fabrication process and IS not really a 
variable parameter An interesting observa- 
tlon 1s the local ‘mmlmum’ present m curves 
I, II, III and IV The mmlmum 1s a result of 
the interaction of strain terms For structures 
bEAM 
Fig 5 Free body diagrams of half of the centre-capped 
beam of Fig 4, loaded by a uniform pressure Ap The 
bending strain and the normal strain induced m the 
upper fibres of the beam m the region underneath the 
cap are expressed m terms of the reaction moments and 
forces Solvmg the set of deformation and eqmhbrmm 
equations yields expresslons for the reaction moments 
and forces m terms of the pressure Ap and the device 
dlmenslons Small deflection angles are assumed and 
the pillar acts as a rigid body 
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without a cap, only bending strains, gven by 
the second term m eqn (4), occur The total 
stram E for structures with a cap 1s equal to the 
sum of a bending strain &g and a normal strain 
cN (see also eqn (4) and Fig 5) The mtroduc- 
tlon of a normal strain term can be interpreted 
as a shift of the posltlon of the neutral axis, 
I e , the axis of zero total strain, of the cross 
section The two strain terms are always of 
opposite sign For values of hb close to h,, EN 
1s the dommatmg term An increase m h,, 
means a stiffer structure, resulting m a de- 
crease m magnitude of both &g and Ed The 
normal strain, however, decreases more 
rapidly than the bending &ram, causing the 
mmlmum to occur It IS pointed out that a 
mmlmum does not always occur, but depends 
on the load condltlon and on the device 
parameters Finally, the analysis howed that 
the sensor behavlour 1s not the same for front 
and back loading If the pressure Ap m Fig 4 
1s applied to the back side instead of the front 
ade, it IS found that the magnitude of the 
normal strains does not change, while the 
bending strains are (slightly) higher due to 
addltlonal bending of the locahzed area of the 
support underneath the cap 
Figure 6 illustrates the Influence of the cap 
length L, A supportmg beam, clamped at 
RELKWE BOSS LENQTH % 
75 50 25 cl 
300 450 
CAPLENGTH L. ,m 
Fig 6 Predicted force-mduced stram and centre deflec- 
tion of a bossed and non-bossed beam as a function of 
the cap length The gauge has a fixed length (130 pm) 
and a fixed posttlon, 1 e , 10 pm from the clamped edge, 
and Young’s modulus Eb = 175 GPa 
both ends and applied as a force transducer 
serves as the example structure Two different 
beam designs are discussed, a non-bossed and 
a centre-bossed structure (see Insert) For the 
bossed structure, the cap 1s supported by the 
bois on one end and by the frame or the 
substrate on the other end The force 1s ap- 
plied at the centre of the beam and the centre 
deflection and the average strain Induced m 
the gauges are computed as a function of the 
cap length Hereby, the gauge length and the 
gauge posltlon are fixed The centre deflectlon 
gves an mdlcatlon about the global or overall 
behavlour of the structure, while the strain 
provides more local mformatlon, 1 e , under- 
neath the cap 
Compared to the bossed beam, the be- 
havlour of the non-bossed beam 1s more com- 
plex Here, the curve of the centre deflectlon 
displays a local nummum and a local maxl- 
mum, see Fig 6 This 1s caused by the pres- 
ence of the cap For a deformed structure, the 
cap end which 1s supported by the beam will 
rotate and hence both the cap and the beam 
will be axlally stramed The larger the angle 
of rotation, the larger the axial stress This 
leads to a larger effect of the cap on the 
overall stiffness of the structure, resulting m a 
smaller deflectlon At the local nummum, the 
cap end comcldes with an mllect~on point 
Further increase of the cap length results m a 
decreasmg angle of rotation of the cap end, 
thus a smaller contnbutlon of the cap to the 
overall stiffness and hence an increase of the 
deflectlon For the bossed beam, the angles of 
rotation of the cap ends are always zero 
Therefore the effect of axial stiffening as de- 
scribed above ~111 not occur The steady m- 
crease of both the centre deflection and the 
strain for the bossed structure wth increasing 
Lc IS mainly a result of a decrease of the boss 
length for a gven total beam length, which 
obviously lowers the stiffness of the structure 
Due to the stlffemng effect of the boss, the 
centre deflection and the strain are smaller 
for the bossed structure The effect of the 
boss on the strain 1s small, however For 
small cap lengths ( ~200 pm), the strain for 
the bossed structure 1s even shghtly higher 
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This 1s due to the normal stram induced m 
the non-bossed structure, which always re- 
sults m a decrease of the totally induced 
strain, while for the bossed structure the nor- 
mal strain 1s always zero The stram for the 
non-bossed beam steadily increases with m- 
creasing cap length (apart from an observed 
local maximum for caps covering almost the 
entire supporting beam) At first sight, this 1s 
surpnsmg, since the overall stiffness, as mdl- 
cated by the centre deflection, displays a max- 
imum The reason for the steady mcrease of 
the strain 1s the position of the inflection 
points For the non-bossed structure, the de- 
formed shape of the supportmg beam exhibits 
three inflection points one underneath the 
cap, another one outside the cavity and the 
third one comcldmg with the cap end The 
inflection point underneath the cap 1s relevant 
for the strain induced m the gauge For small 
values of L, the gauge extends over this m- 
flectlon point This wrll cause a relatively 
small difference m the angles of rotation and 
thus results m relatively small bending 
strains, see eqn (4) If L, increases, the mflec- 
tlon point will always move away from the 
gauge, thus brmgmg the gauge mto a region 
with high curvature and hence resultmg m an 
increase of the induced strain For the bossed 
structure there IS only one inflection point m 
the region between the boss and the frame 
The inflection point 1s always located exactly 
halfway between the boss boundary and the 
boundary of the frame The deflection curve 
IS antlsymmetnc with respect o this inflection 
point For L, = 150 pm, this implies that the 
inflection point 1s located exactly halfway 
along the gauge, resulting m a zero difference 
m the angles of rotation of the end points 
and thus zero induced bending strain 
lous design aspects have been described To 
achieve an optimum performance of the reso- 
nant strain gauges, they have to be held m 
evacuated cavlttes Highly sensltlve gauges 
generally require a high length/ thickness ra- 
tio, with a low residual (tensile) strain Fur- 
ther, a high aspect ratio for the supportmg 
structure IS advantageous to achieve a large 
load-to-strain converting factor The sealing 
cap forms an integral part of the mechanical 
structure and can have a strong degradmg 
effect on the load-to-strain conversion, 
thereby reducing the sensltlvlty of the device 
The influence of the cap can be nummlzed by 
decreasing its relative thickness, mcreasmg its 
length, using a construction material with a 
small Young’s modulus or by decreasing the 
gap height A constraint 1s formed by the 
mmlmum stiffness required to avoid collapse 
caused by the ambient pressure 
The influence of the cap on the position of 
the neutral axis and of the inflection pomts 
can be eliminated if the cap Itself 1s not 
attached to the deforming part of the struc- 
ture Bossed structures, where the cap 1s sup- 
ported by the boss on one end and by the 
sensor frame or substrate on the other end, 
are proposed as an elegant way to achieve 
this, with virtually no loss of sensltlvlty @so, 
the design complexity IS greatly reduced for 
bossed structures, allowmg for (simple) ana- 
lytical models to give reliable predlctlons of 
the device performance 
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